We tested identification of target letters surrounded by a varying number (2, 4, 6) of horizontally aligned flanking elements. Strings were presented left or right of a central fixation dot, and targets were always at the center of the string. Flankers could be other letters, digits, symbols, simple shapes, or false fonts, and thus varied both in terms of visual complexity and familiarity. Two-alternative forced choice (2AFC) speed and accuracy was measured for choosing the target letter versus an alternative letter that was not present in the string. Letter identification became harder as the number of flankers increased. Greater flanker complexity led to more interference in target identification, whereas more complex targets were easier to identify. Effects of flanker complexity were found to depend on visual field and position of flankers, with the strongest effects seen for leftward flankers in the left visual field. Visual complexity predicted flanker interference better than familiarity, and better than target-flanker similarity. These results provide further support for an excessive featureintegration account of the interfering effects of both adjacent and nonadjacent flanking elements in horizontally aligned strings.
Introduction
Everyday reading in languages that use an alphabetic script requires parallel processing of letter-identity information (see Grainger & Dufau, 2012 , for a summary of the arguments), and it has been argued that one of the keys to becoming a skilled reader is to optimize crowded letter-identification processes (Tydgat & Grainger, 2009) . That is, given the spatially compact nature of printed words, the parallel process-ing of multiple letter identities imposes unusually high levels of crowding that the beginning reader must adapt to. Crowding refers to the decrease in our ability to identify a given object due to the spatial proximity of other stimuli (for reviews see Levi, 2008; Pelli & Tillman, 2008; D. Whitney & Levi, 2011) . Any reduction in crowding would therefore be beneficial for processing the component letters of words, and for subsequent word recognition and reading. We would therefore argue that a better understanding of skilled reading behavior requires a better understanding of crowded letter identification, the factors that modulate such crowding effects, and how crowding impacts on the parallel processing of letter identity and position. By examining how letter-in-string identification depends on the number, type, familiarity, and visual complexity of flankers, the present study represents one further step towards this goal.
Particularly relevant for the present study are experiments that have examined the influence of the number of flanking elements in horizontally aligned strings of letters (Butler & Currie, 1986; Huckauf & Heller, 2002a , 2002b . The results of these studies showed a systematic drop in performance as the number of flankers was increased from zero to four (see Strasburger, Harvey, & Rentschler, 1991 , for a similar effect with digit stimuli). It has been suggested that different mechanisms are involved in nonadjacent flanking effects (i.e., the effect of A and D on the identification of T in ABTCD) compared with the effects of adjacent flankers (i.e., the effect of B and C). Whereas effects of adjacent flankers would mostly reflect excessive feature-integration or spatial pooling (e.g., Levi, 2008; Pelli, Palomares, & Majaj, 2004) , interference from nonadjacent flankers Citation: Chanceaux, M., Mathôt, S., & Grainger, J. (2014) . Effects of number, complexity, and familiarity of flankers on crowded letter identification. Journal of Vision, 14(6):7, 1-17, http://www.journalofvision.org/content/14/6/7, doi:10.1167/14.6.7.
would mainly reflect an increase in positional uncertainty with longer strings (e.g., Butler & Currie, 1986; Huckauf & Heller, 2002a) . In other words, processing of target identity might not be harmed so much by nonadjacent flankers, but performance would drop because of a loss of information about target position induced by the increase in the number of elements in the display. While effects of excessive feature-integration would be spatially limited in extent, respecting Bouma's (1973) law, effects of positional uncertainty could operate over greater target-flanker distances, and would be particularly large when several flankers are present.
Another factor known to modulate effects of number of flankers, is grouping. When flankers group together separately from the target, then increasing the number of flankers can augment the effect of grouping. This can result in a canceling or even reversal of the typically negative influence of number of flankers (e.g., Banks, Larson, & Prinzmetal, 1979; Banks & White, 1984; Levi & Carney, 2009; Livne & Sagi, 2007; Malania, Herzog, & Westheimer, 2007; Manassi, Sayim, & Herzog, 2012 Saarela, Sayim, Westheimer, & Herzog, 2009; Wolford & Chambers, 1983) . For example, in the Manassi et al. (2012) study, the threshold elevation for vernier offset acuity was measured for the middle two line segments of four vertically aligned segments presented to the right of a central fixation cross. Flanker line segments were presented left and right of the target configuration, and the number, size, and spatial arrangement of flankers were manipulated. When flankers were horizontally aligned and distinct from the target, then increasing the number of flankers from 2 to 16 caused a drop in crowding. On the other hand, when flankers were not aligned (by adding vertical jitter), then increasing the number of flankers caused an increase in crowding. These, and other results, suggest that configural information can modulate the effects of bottom-up integration processes. However, it is unknown exactly how such grouping processes might affect within-word letter identification processes.
Evidence against the positional uncertainty account of nonadjacent flanking effects seen with letter and digit stimuli was provided by , who reported that effects of nonadjacent flankers can be obtained using a two-alternative forcedchoice (2AFC) procedure where the response alternative was never present in the stimulus (see Parkes, Lund, Angelucci, Solomon, & Morgan, 2001 , for further evidence for crowding in the absence of positional uncertainty). Nevertheless, the results obtained with this procedure do not rule out a related but different interpretation of nonadjacent flanking effects, according to which it is harder to focus attention on the target location in longer strings (Strasburger et al., 1991) . A decrease in attentional focus would induce a cost in the processing of target identity as well as target position (but see Greenwood, Bex, & Dakin, 2010 , for evidence against a role for such a mechanism in determining the effects of adjacent flankers). Furthermore, the target eccentricities and target-flanker distances tested in this prior work would appear to rule out an excessive feature-integration account of nonadjacent flanking effects when applying Bouma's (1973) law to determine the theoretical extent of the crowding zone, because flankers outside of the crowding zone still induced crowding. However, demonstrated the viability of the featureintegration account by introducing an inward-outward asymmetry as determined theoretically in the work of Nandy and Tjan (2012) . demonstrated that, based on the parameters provided by Nandy and Tjan (2012) , the crowding zone encompassed one complete outward flanker in the fourflanker condition of the Chanceaux and Grainger study. A single mechanism, that is, excessive featureintegration resulting from the spatial pooling of information present in the crowding zone, can therefore account for the effects of adjacent and nonadjacent flanking elements seen with letter stimuli.
Indeed, one key characteristic of crowding found with very different types of stimuli is inward-outward asymmetry, with outward flankers having a greater impact than inward flankers (Bouma, 1973; Legge, Mansfield, & Chung, 2001; Manassi et al., 2012; Petrov & Meleshkevich, 2011; Petrov, Popple, & McKee, 2007; D. Whitney & Levi, 2011) . Furthermore, and crucial for the present study, Grainger and colleagues (Chanceaux & Grainger, 2012; Grainger, Tydgat, & Isselé, 2010; Tydgat & Grainger, 2009 ) have proposed that the inward-outward asymmetry differs between letter stimuli and other kinds of visual objects, a proposal referred to as the ''modified receptive field'' (MRF) hypothesis in Chanceaux and Grainger (2012) . According to the MRF hypothesis, a word-beginning bias is added to a generic inward-outward asymmetry, leading to a greater leftward elongation of the crowding zone in the left visual field (LVF) for languages that are read from left-to-right. For a constant receptive-field size, this modification leads to an increase in interference from leftward flankers and a reduced interference from rightward flankers for targets in the LVF, thus enhancing the visibility of a word's initial letter when it falls to the left of fixation. Initial evidence in support of this hypothesis was provided by Grainger et al. (2010) , who reported that with single flanker stimuli, interference was greater for leftward flankers than rightward flankers when targets were letters presented in the LVF. On the other hand, there was no such asymmetry when letter targets were presented in the right visual field (RVF), and no asymmetry for symbol targets in either visual field. Further evidence in support of the MRF hypothesis was provided by Chanceaux, Mathôt, and Grainger (2013) , who manipulated the number of leftward and rightward flankers for letters and simple shapes in peripheral vision. As predicted by the MRF hypothesis, the greatest flanker interference was found for leftward flankers associated with letter targets in the LVF.
In the present study we provide a further test of alternative accounts of nonadjacent flanker effects by varying flanker familiarity and flanker complexity as well as the number of flankers. First let us summarize what we already know about the effects of these two additional variables. Bernard and Chung (2011) varied the visual complexity of target and flanking stimuli in trigram strings and found that increasing flanker complexity reduced target identification accuracy. Wang, He, and Legge (2014) reported a similar increase in crowding with increasing complexity in a study measuring the visual span of Chinese characters and uppercase and lowercase Latin letters. These results are in line with the excessive-feature-integration account of crowding, since more complex flankers contain more features that have the potential to interfere with target identification. Bernard and Chung (2011) also reported that more complex targets were less impacted by crowding. This again fits with the excessive-featureintegration account, since the more features the target has, the better the target features can compete with flanker features during target identification.
Concerning possible effects of flanker familiarity, at least one prior study points to a role for this factor in crowded letter identification (Huckauf, Heller, & Nazir, 1999) . In a trigram crowding paradigm with centrally located target letters, Huckauf et al. (1999) found more interference in target letter identification with rotated letter flankers or pseudoletter flankers compared with upright letter flankers. This finding would appear to rule-out an account of crowding in terms of positional uncertainty, since this would predict greater crowding with real letter flankers. Attentional factors are also an unlikely source of this finding, since different types of flanker should, if anything, facilitate target letter identification via ungrouping of the target from the flankers. In order to account for their findings, Huckauf et al. (1999) proposed that letter flankers access a ''higher-level code'' (i.e., an object name or label) that reduces interference at the feature level via top-down constraints. They then conjectured that flankers that access a higher level code but are not from the same category as targets (e.g., digit flankers for letter targets) should produce less crowding. This was indeed what they found when comparing the effects of letter and digit flankers on the identification of letter targets.
In the present work we contrasted the effects of different types of flankers (letters, digits, shapes, symbols, and false fonts; see Figure 1 ) that varied both in terms of their familiarity as individual items, and in terms of how often they are used to form horizontally aligned strings. To confirm our intuitions we measured item familiarity using subjective frequency ratings, to be reported in Experiment 2. Item-in-string frequency was defined as follows: very frequent (letters, digits) to very rare (shapes, false fonts), with symbols lying somewhere between these two extremes. In Experiment 1, targets were presented accompanied by either two, four, or six flankers aligned horizontally and placed symmetrically to the left and to the right of the target. Targets were always letter stimuli and flankers were always from the same flanker category. According to Huckauf et al.'s (1999) higher-level code hypothesis, we should see an effect of flanker type in our experiment, with false fonts flanking more than symbols, which in turn should flank more than letters, and with digits and shapes crowding less than letters. Compared with false fonts, our symbol stimuli were more familiar, and could be associated with a higher level code (i.e., labeled), but arguably less readily so than the letter, digit, or shape stimuli. Flanker complexity was varied both within flanker category and across categories in the present study. According to the excessive-feature-integration account of effects of adjacent and nonadjacent flankers, we expect to observe effects of flanker complexity for both adjacent and nonadjacent flanking elements. Most important, however, is that we chose to investigate the unique influence of each flanking element in a multielement display by estimating the size of the flanker complexity effect separately for each flanker position. This possibility is critical with respect to testing the MRF hypothesis (Chanceaux & Grainger, 2012) , according to which, for letter stimuli, the crowding zone presents a stronger inward-outward asymmetry in the LVF than the RVF. This hypothesis predicts a greater influence of flanker complexity for leftward flankers than rightward flankers when targets and flankers appear in the LVF.
Experiment 1: Flanker study Methods

Participants
Nineteen students at Aix-Marseille University participated in the experiment in exchange for monetary compensation. All participants provided written informed consent, and all reported being native speakers of French.
Stimuli and design
Nine consonant letters (B, D, G, H, K, M, N, R, S) were used as targets in the experiment. The letters were presented in uppercase Courier New font. Flanking stimuli were letters from the same set of consonants (never the target), digits, symbols, simple shapes, or false fonts. Figure 1 provides the complete set of flanking stimuli, grouped by flanker type. The different types of flankers enabled an analysis of the effects of flanker familiarity, both in terms of familiarity of the individual flankers and whether or not the flanking elements typically appear in horizontally aligned strings or not. Number of flankers was varied (two, four, or six flankers) with one, two, or three flankers positioned on each side of the target (i.e., FTF, FFTFF, or FFFTFFF, where T represents the target letter and F a flanking stimulus). Thus, visual field (LVF vs. RVF) was crossed with number of flankers (two, four, or six) and type of flanker (letters, digits, symbols, shapes, or false fonts) in a 2 · 3 · 5 factorial design. Each letter served as the target on 90 trials, three times in each of the 30 conditions formed by the factorial combination of the three factors, giving a total of 810 trials per participant.
Apparatus and procedure
An EyeLink 1000 eyetracker (SR Research, Missisauga, Ontario, Canada) was used to control for eye movements. Participants rested their heads on a chin rest, at 80 cm from the monitor. The eye tracker recorded right eye movements (sampling frequency of 1000 Hz), in the configuration recommended for cognitive research (saccadic detection based on a velocity threshold of 308/s and an acceleration threshold of 80008/s 2 ). Stimuli were presented on a ViewSonic P227f monitor (refresh rate 100 Hz, screen size 1024 · 768 px; ViewSonic, Brea, CA) using Experiment Builder software (SR Research). Stimuli were presented in black 21-point Courier New font on a gray background. The center-to-center separation between neighboring characters was 0.68 horizontally, and the center of the string was at an eccentricity of 2.78. Targets always appeared at the center of the string. To calibrate the eye tracker, a nine-point calibrationvalidation routine was performed at the beginning of the session and then every 50 trials. On each trial, participants had first to gaze at the fixation cross at the center of the screen. This fixation cross disappeared after a period of 200 ms during which there were no eye movements greater than 0.78 left or right of the central fixation (50 · 120 px around the fixation cross). Then the string of target and flankers appeared either to the left or to the right of the fixation cross for 300 ms. Participants had to maintain central fixation during stimulus presentation; otherwise the trial was canceled. After presentation of target and flankers, a masking stimulus was presented accompanied by a postcue indicating the position of the target character that had to be identified. Two letters were also displayed above and below the fixation cross, one of them was the target and the other was another letter randomly selected from the set of nine target letters, but that was not present in the stimulus. This final display remained until participants responded by choosing one of the alternatives (see Figure 2 for a schematic of the procedure). Participants were instructed to respond as accurately as possible and without hesitation by pressing either the upward arrow key (for the alternative above) or the downward key (for the alternative below), following standard 2AFC procedure, in order to designate the identity of the central target letter. An audio tone signaled a correct response. After participants' responses a blank screen was displayed and the next trial began. Visual field, number of flankers, and type of flanker varied randomly across all trials. The experiment lasted about 1 hr.
Results
Effects of flanker type, number of flankers, and visual field
We conducted a linear mixed-effects (LME) analysis with percent error rate as dependent measure (0 for correct trials, 100 for incorrect trials), number of flankers (two, four, or six), visual field (LVF or RVF), and flanker type (digits, letters, false font, shapes, or symbols) as fixed effects, and participant and target letter as random effects on the intercept. The same analysis was conducted with response time as dependent measure. Here and for subsequent analyses, pvalues and confidence intervals were estimated using Markov-Chain Monte Carlo (MCMC) simulation (Baayen, 2008) . The full models are listed in the Appendix as Tables A1 and A2. In brief we observed the following effects (see Figure 3 ): Performance decreased with increasing number of flankers; performance varied for the different flanker types, such that Symbols . Digits . Shapes . False Font . Letters (see also Table 1) ; and performance was better in the RVF than in the LVF.
Effects of visual complexity
The first aim of these analyses was to investigate whether the differences between flanker types are due to differences in the visual complexity of the different types of flanker (Bernard & Chung, 2011) . The second aim was to exploit the effect of visual complexity in order to test which positions in a multiflanker string contribute most to the overall flanker effect. The rationale is that the strength of the relationship between behavioral performance and the visual complexity of a particular flanker indicates how strongly that flanker interferes with target letter identification.
We quantified visual complexity as the average ''edginess'' of a stimulus. More specifically, we took the mean luminance of the image after applying a Sobel operator. The Sobel operator performs a two-dimensional (2-D) spatial gradient measurement on an image and so emphasizes regions of high spatial frequency that correspond to edges. It is a standard 2-D edgedetection algorithm that is sensitive to pixel-to-pixel changes in luminosity. This method is straightforward and has the advantage that it relies on local contrast, albeit in a rudimentary way, which is known to be a crucial feature for the visual system (Itti, Koch, & Niebur, 1998) . We do not claim that our measure of visual complexity is superior to other measures that have been used. However, different measures of visual complexity are generally in fairly good agreement, and the results presented here likely generalize to other measures of visual complexity.
We then determined the relationship between the flankers' visual complexity and behavioral performance, using an LME with error rate as dependent measure, visual complexity as fixed effect, and participant as random effect on the intercept. (The target item is omitted as random effect from this and subsequent analyses, because we will include the target's visual complexity as fixed effect.) The same analysis was performed with response time as dependent measure. These analyses were performed separately for each stimulus configuration and flanker position, and revealed a highly robust relationship in all cases (all ts. 2; see Figure 4 for the error rate data). Strikingly, the differences between flanker types (see Figure 3 ) appear to be largely, if not fully, attributable to systematic differences in visual complexity.
Effects of flanker position
On a given trial, a single type of flanker was used, that is, all flankers were drawn from the same category. As can be seen in Figure 4 , there are systematic differences in visual complexity between flanker types. Therefore, visual complexities of different flanker positions are interdependent: If the left-most flanker is visually complex, the right-most flanker is usually also visually complex. The analysis shown in Figure 4 does not take this interdependence into account, and therefore gives the appearance that the effect of visual complexity is roughly equal across flanker positions.
In order to analyze effects of visual complexity separately for each flanker position, we entered the visual complexity for each flanker position as a separate fixed effect into an LME, which was otherwise the same as before. We also entered the visual complexity of the target as a fixed effect. This allowed us to estimate the unique effect of visual complexity for each stimulus position separately. This analysis was done for each visual field and stimulus configuration separately, and separately for error rate and response time as dependent measures. We also conducted the analysis across all stimulus configurations (number of flankers), in which case empty flanker positions were assigned a visual complexity of 0. The results are summarized in Figure 5 . For clarity, we do not present the full models, but indicate 95% confidence intervals (CIs) as error bands in the figure, such that p , 0.05 where the CI does not include 0. Figure 2 . A typical trial. Fixation cross for 200 ms, followed by a string composed of target and flankers presented to the left or right of fixation for 300 ms, and finally a backward mask accompanied by a postcue and two alternatives for the 2AFC procedure. When flankers were letters, the alternative given for 2AFC was never a flanker on that trial.
The pattern of results shown in Figure 5 can be summarized as follows. Firstly, flankers directly next to the target interfere strongly. Secondly, peripheral flankers, especially left-most flankers in the LVF, also interfere strongly. Thirdly, flanker visual complexity impairs performance (positive slopes), whereas target visual complexity improves performance (negative slopes). Figure 5 suggests that performance is affected disproportionally by leftward flankers in the LVF. To test this more rigorously, we performed an LME with error rate as dependent variable and subject as random effect on the intercept. The summed visual complexity of leftmost flankers (FFF--), the summed visual complexity of rightward flankers (--FFF), and visual field were entered as fixed effect. We also included the interaction terms between visual field and leftward visual complexity and the interaction between visual field and rightward visual complexity. The same analysis was conducted using response time as dependent measure. The full models are shown in the Appendix in Tables A3 and A4 , but the main result is that the effect of leftward visual complexity is reduced in the RVF, compared to the LVF (error rate: t ¼ 4.108, p , 0.001; response time: t ¼ 3.235, p ¼ 0.001), whereas the effect of rightwards visual complexity is increased in the RVF, compared to the LVF (error rate: t ¼ 4.284, p ¼ , 0.001; response time: t ¼ 4.238, p , 0.001). This pattern of results can be summarized as follows: In the LVF there is an asymmetry, such that leftward flankers interfere more than rightward flankers, but in the RVF there is no such asymmetry (see Figures 5 and 6 ). Note that the reversed effect for rightward flankers in the LVF seen in Figure 6 is likely a repellent statistical artifact that arises because we estimate partial effects for strongly correlated predictors. In reality, as can be seen in Figure 5 , the effect of rightward flankers in the RVF is reduced, perhaps absent, but not reversed.
Effects of target letter frequency
We obtained the frequency of each target letter from a French book corpus (New, Pallier, Brysbaert, & Ferrand, 2004) , counting occurrences of uppercase letters (token frequency) independently of their position in words. We conducted an LME with the target's visual complexity and frequency as fixed effects and participant as random effect on the intercept. This analysis was conducted with error rate as well as response time as dependent variable. This analysis showed a clear positive relationship between target letter frequency and performance in terms of error rate (t ¼ 5.380, p , 0.001) as well as response time (t ¼ 7.996, p , 0.001). In other words, it is easier to discriminate high-frequency letters, and this effect is independent of visual complexity.
Effects of target-flanker similarity
As shown in Table 1 , letter stimuli were more visually complex than other stimulus categories. Therefore, because we used only letter targets in our experiment, more visually complex flankers may have been more similar to the target. In others words, it is possible that the effects of visual complexity that we report above are fully driven by target-flanker similarity, known to modulate crowding (Andriessen & Bouma, 1976; Bernard & Chung, 2011; Freeman, Chakravarthi, & Pelli, 2012; Kooi, Toet, Tripathy, & Levi, 1994; Nazir, 1992) . To test this possibility, we first determined target-flanker similarity for each flanker on a given trial.
We quantified similarity using template matching (or template overlap), a simple algorithm that has been shown to predict behavioral confusion matrices (e.g., Gervais, Harvey, & Roberts, 1984) . In this measure, the similarity between two characters (A and B) is expressed as:
Here, X ijA is the brightness of the pixel at position i, j of character A; X ijB is the brightness of the pixel at position i, j of character B; S AB is the similarity between A and B.
Next, we compared two LME models, both using participant as random effect on the intercept, and error rate as dependent measure. The visual-complexity model had one fixed effect for the visual complexity of each flanker position, plus the target position (cf. Figure 5 ). The target-flanker similarity model had one fixed effect for the target-flanker similarity of each flanker position. Then, we compared the two models based on the Aikaike Information Criterion (AIC; low values are better, taking into account the number of free parameters in the model, such that simpler models are preferred). This revealed that the visual-complexity model (AIC ¼ 13,853) was superior to the targetflanker-similarity model (AIC ¼ 14,504) . Strikingly, the combined model, containing both visual complexity and target-flanker similarity as fixed effects, performed about equally well (AIC ¼ 13,850) as the visualcomplexity only model. This demonstrates that targetflanker similarity explained very little variance that was not already accounted for by visual complexity. In sum, although visual complexity and target-flanker similarity may be related in our experiment, visual complexity is the better predictor of behavioral performance.
Experiment 2: Normative ratings
With the exception of the false fonts, we used relatively familiar stimuli that differ in many respects other than visual complexity. It is therefore possible that the flanker interference observed in Experiment 1 is not primarily related to visual complexity, but to other stimulus properties that correlate with visual complexity. To investigate this, we collected normative ratings for all flanker stimuli.
Methods
Twenty-one students at Aix-Marseille University participated in the experiment in exchange for monetary compensation. All participants provided written informed consent, and all reported being native speakers of French. All 45 flanker stimuli used in Experiment 1 were presented in random order. Participants rated the following properties of each stimulus on a 5-point scale: frequency (very rare to very common), complexity (very simple to very complex), and overall similarity to (other) letters (very different to very similar). Nonletter stimuli were rated in terms of overall how similar they looked to letters, and letter stimuli were rated in terms of how similar they looked to other letters. In other words, we did not use a pairwise similarity judgment. Stimulus color and size were the same as in Experiment 1. Ratings were entered using three rating scales presented on a single digital form. Participants validated their response by pressing an ''OK'' button. If the form was incomplete, the participant was notified, and the stimulus was presented again at a random point during the remainder of the experiment. Stimulus presentation was controlled with OpenSesame (Mathôt, Schreij, & Theeuwes, 2012) . An overview of all stimuli, including their visual complexity and normative ratings, is shown in 
Results
In order to test whether any of the normative ratings obtained in Experiment 2 predict performance in Experiment 1 better than the edge-based visualcomplexity measure, we compared four LME models. Each model used participant as random effect on the intercept, and error rate as dependent measure. Each model had one fixed effect for each flanker position. In the edge-based visual-complexity model, the fixed effects corresponded to the edge-based visual complexity of the stimuli. In the rated-frequency model, the fixed effects correspond to the stimuli's rated frequency and analogously for rated complexity and rated letter similarity. Next, we compared the four models based on the AIC. This showed that the edge-based visualcomplexity model (AIC ¼ 13,853) was superior to models based on rated frequency (AIC ¼ 14,504), rated similarity to (other) letters (AIC ¼ 14,425), and rated visual complexity (AIC ¼ 14, 545) . This was confirmed by the same model comparison using response time, which also showed that visual complexity (AIC ¼ 191, 442) performed better than rated frequency (AIC ¼ 191,900), rated similarity (AIC ¼ 191, 684) , and rated complexity (AIC ¼ 191, 930) . In summary, flanker interference is related more to edge-based visual complexity, which is an objective measure, than to the three subjective stimulus properties that we collected through normative ratings.
Discussion
We measured 2AFC letter identification-speed and accuracy for target letters accompanied by horizontally aligned flanking characters, with target and flankers presented to the left or to the right of fixation. Flankers could be other letters, digits, symbols, simple shapes, or false fonts. Number of flankers also varied, with either one, two, or three flankers placed symmetrically to the left and right of the target, giving a total of two, four, or six flankers. Increasing the number of flankers led to a decrease in target identification accuracy, thus replicating our prior work investigating effects of number of flankers in similar conditions . Performance also varied significantly as a function of flanker category. As can be seen in Table 1 and Figure 4 , the effects of flanker type are almost perfectly accounted for by the average flanker complexity for each category of flanker type. On the other hand, and contrary to Huckauf et al.'s (1999) higher-level code hypothesis, it is clear from Table 1 that the effects of flanker type were not driven by flanker familiarity. Furthermore, our own estimation of the frequency with which flankers could form horizontally aligned strings (letters/digits . symbols . false fonts/shapes) did not predict the amount of flanker interference, since digit flankers interfered less than shape flankers but more than symbol flankers. We also found a positive relation between target letter frequency and performance, with letters that occur more frequently in print having lower response times and error rates, independently of flanker condition. This finding corroborates prior research on isolated letter identification in central vision (see Grainger, Rey, & Dufau, 2008 , for a review), and shows that letterfrequency effects can be found when target letters are surrounded by flanking elements in peripheral vision (see New & Grainger, 2011 , for a comparison of frequency effects for isolated letters and letters embedded in strings, in central vision).
Effects of number of flankers
The effect of number of flankers observed in the present study partly replicates the results obtained in the unilateral presentation conditions in our prior work . As in our prior work, the number-of-flankers effect was obtained using a 2AFC task where the alternative response was never present as a flanker. This is thought to limit the influence of positional uncertainty in driving any effect of flanker interference, with results mainly reflecting participants' difficulty in identifying targets rather than localizing them. calculated the extent of the crowding zone for the conditions tested in their study (identical to the present study) using the parameters of Nandy and Tjan's (2012) model of inward-outward asymmetries in the crowding zone. This model was able to account for continuing interference in the four-flanker condition (two to each side of the target) compared with two flankers, but predicted no further decrement in performance in the six-flanker condition. This was in line with the results obtained using homogeneous X flankers (e.g., XXXTXXX) in Chanceaux and Grainger's study, but is not in line with the results of the present study. In the present work we found a significant decrease in performance as the number of flankers was increased from four to six (see Figure 3 ). This discrepancy with respect to our prior work is likely due to the lesser interference generated by homogeneous flankers compared with different flanking stimuli, as already demonstrated by Chanceaux and . This is likely due to grouping of homogenous flankers (the X flankers in Chanceaux & Grainger's study), and therefore constitutes further evidence for reduced crowding by flankers being grouped separately from targets (e.g., Manassi et al., 2012; Zhang, Zhang, Xue, Liu, & Yu, 2009 ). Could grouping have had an influence in the present study? According to grouping accounts of crowding, more visually distinct targets should stand out from flankers and would be subject to less crowding (Malania et al., 2007; Manassi et al., 2012) . This is one possible basis of the effects of targetflanker similarity seen in the present study. In Table 1 it can be seen that more similar flankers generated greater crowding, in line with prior research on effects of target-flanker similarity (e.g., Andriessen & Bouma, 1976; Bernard & Chung, 2011; Freeman et al., 2012; Kooi et al., 1994; Nazir, 1992) . However, regression analyses revealed that most of the influence of target-flanker similarity was driven by flanker complexity in the present study. Therefore, given current estimates of the spatial extent of the crowding zone, the finding that six flankers generate more interference than four flankers, in the present study, could be taken as evidence against a feature-integration account, and in favor of an attentional account of the effects of nonadjacent flankers. According to the attentional account, an increase in the number of flankers causes a spread in spatial attention, and results in less attention being allocated to target processing (Strasburger, 2005; Strasburger et al., 1991) . However, we would argue that the fact that visual complexity had a strong impact on the amount of interference generated by the outermost flankers in certain conditions is further evidence in favor of an excessive feature-integration account of the effects of nonadjacent flanking elements. The basic idea here is that processing of the target letter is perturbed by visual information extracted from all flanking elements that fall within the crowding zone. This perturbation could take the form of irrelevant features providing negative evidence toward the target letter identity (e.g., Grainger et al., 2010; McClelland & Rumelhart, 1981) . As noted by Balas, Nakano, and Rosenholtz, (2009) , the general form of such a mechanism of excessive featureintegration is well adapted to the hypothesized structure of the ventral visual stream for visual object identification, as described in certain computational models (e.g., Fukushima, 1980; Riesenhuber & Poggio, 1999) . Of course, this does not exclude a role for other forms of pooling, such as low-level averaging of visual information as part of the processing of texture (e.g., Greenwood et al., 2010; Parkes et al., 2001) in order to account for crowding phenomena in spatial vision.
Effects of flanker complexity and flanker position
The effects of flanker complexity nicely replicate the findings of Bernard and Chung (2011) . These authors varied the visual complexity of letter targets and flankers in a trigram crowding paradigm by using different fonts. They found that identification of central targets was impaired by increasing flanker complexity, whereas target letter complexity had a positive influence on performance. We also found a positive relation between target letter complexity and performance, and we agree with Bernard and Chung (2011) that, overall, this pattern fits well with an excessive feature-integration account of crowding (e.g., Pelli et al., 2004) . The general idea is that more complex flankers will have more features that compete with the target's own features during target identification. More complex targets have more features that can better compete with flanker features, hence reducing crowding. Furthermore, we also demonstrated that although there was some evidence for effects of target-flanker similarity, effects of flanker complexity were the better predictor of letter-identification performance.
Perhaps the key contribution of the present work is our evaluation of the independent effect of flanker complexity at each flanker position, and for the different flanker configurations. The results of these analyses, shown in Figures 5 and 6 , revealed different patterns in the influence of flanker complexity as a function of visual field and the position of the flanking stimuli. In the RVF the effects of flanker complexity were equivalent for flankers located to the left and to the right of targets. On the other hand, in the LVF, a very different pattern of effects was seen for flankers to the left and right of the target. In the LVF, flanker complexity had a strong interfering effect for flankers located to the left of targets, which disappeared with flankers located to the right of targets. The overall pattern of effects of flanker complexity therefore demonstrates a greater sensitivity to flanker interference for flankers located to the left of the target when target and flankers are located in the LVF, and this is accompanied by a reduced sensitivity to flankers located to the right of targets in the LVF. Figure 5 shows that the increased sensitivity to flanker complexity for leftward flankers in the LVF is due to the fact that the most distant flankers continue to contribute to this effect in the accuracy data, which is not the case for rightward flankers in the LVF, nor for leftward and rightward flankers in the RVF.
The pattern of flanker complexity effects is precisely the pattern predicted by the MRF hypothesis (Chanceaux & Grainger, 2012) , and is in line with the findings reported by in a study that separately manipulated the number of leftward and rightward flankers. In that study, horizontally aligned strings of letters and simple shapes were presented in peripheral vision to the left or to the right of fixation, with targets occupying the central position in the string and at the same eccentricity as the present study. The number of flankers (one to three) on one side of the target was manipulated, keeping a single flanker on the opposite side, and targets and flankers were from the same category (letters or shapes). The results showed a rapid drop in target-identification accuracy as the number of leftward flankers increased for letter targets in the LVF. Thus, letter targets showed strongly asymmetrical effects of flanking letters in the LVF, which was neither the case for letter stimuli in the RVF, nor for shape stimuli in either visual field.
According to the MRF hypothesis, learning to read causes an adaptation in elementary visual processes freshly recruited for the new job of mapping print-tosound and print-to-meaning. The primary goal of this adaptation is to optimize parallel independent letter processing, thought to be the key to skilled reading behavior (see Grainger, 2008 , for a review). This optimization is hypothesized to have two main ingredients: a reduction in size of the integration zone of location-specific letter detectors (Grainger & van Heuven, 2003) , and a change in the shape of the integration zone for letter detectors receiving information from the LVF (for languages with an alphabetic script read from left-to-right). More precisely, the hypothesized change in shape involves a leftward elongation of the integration zone for a constant surface, thus exaggerating the inward-outward asymmetry in the LVF. The hypothesized change in size of the integration zone reduces the amount of interletter crowding during word reading, and the change in shape boosts processing of the initial letter of words. We would therefore argue that the strong influence of visual complexity seen for the outermost leftward flankers in the LVF in the present study is the result of this increase in the inward-outward asymmetry of the crowding zone for letter stimuli processed in the LVF.
This interpretation of the present results generates two clear predictions. First, target stimuli that are neither letters nor digits should not exhibit the observed interaction between visual field and inward-outward asymmetry of crowding. Note that it is the nature of the target stimuli, not the flanker stimuli, that is critical in this respect. Second, letter stimuli in a script read from right to left, as is the case for Semitic languages, should exhibit a reversed asymmetry, with stronger effects for outward flankers in the RVF, at least for skilled monoscriptal readers of the language in question. Concerning this second prediction however, the evidence at present suggests that the asymmetry would be more likely cancelled rather than reversed. Nazir, Ben-Boutayab, Decoppet, Deutsch, and Frost (2004) measured letter identification at the five positions of five-letter strings with fixation either on the first or the last letter of the string, with native English speakers tested with Roman letters, and native Hebrew speakers tested with Hebrew letters. Although the English speakers showed a RVF advantage that was largest for inner letters (which we interpret as reflecting greater crowding of these letters in the LVF), there were no significant effects of visual field in the Hebrew readers (but see C. Whitney & Marton, 2013 , for unpublished research revealing a stronger trend toward a reversed asymmetry in Hebrew). The difficulty in finding a clear reversed asymmetry for Hebrew readers could be due to the fact that they were also skilled readers of English in these studies. On the other hand, this pattern could point to a role for other factors, such as hemispheric specialization, in determining visual hemifield differences in the processing of linguistic stimuli (Brysbaert & Nazir, 2005) . This clearly remains an important avenue for future research.
Conclusions
We found a strong negative impact of increasing the number of horizontally arranged flanking elements (two, four, or six) on target letter identification across a large variety of flanker types. We measured the rated familiarity of the different types of flanker, and contrary to Huckauf et al.'s (1999) higher-level code hypothesis, found that this variable was not the best predictor of performance. On the other hand, an objective measure of flanker complexity was found to capture most of the variance of flanker interference across the different flanking stimuli. Most important is that, when effects of flanker complexity were evaluated independently for each flanker position and flanker configuration, the position of flanking elements strongly influenced performance in the LVF but not the RVF. More specifically, in the LVF we found a strong negative influence of flanker complexity for leftward flankers but not for rightward flankers, in line with Chanceaux and Grainger's (2012) Table A3 . The intercept and fixed effects from an LME with error rate as dependent measure and participant as random effect on the intercept. Notes: For discrete effects, the reference category is indicated between square brackets. Left-vis-comp ¼ visual complexity of leftward flankers; Right-vis-comp ¼ visual complexity of rightward flankers.
